ABSTRACT
INTRODUCTION
Many lines of evidence have led to the view that chromatin exists in a higher ordered structure of regularly repeating subunits, called nucleosomes. Electron microscopic studies of undigested and partially digested chromatin show a "beads on a string" appearance due to the tandem arrangement of these structures (1-5). As Van Holde et a_^. (2) originally observed, the nucleosomal "cores" are connected by about 40-60 base pairs of the continuing double-stranded DNA, although the interparticle DNA length may vary among different species (6) . The DNA in the nucleosomes appears to be tightly folded around an octameric core containing two molecules each of the histones H2A, H2B, H3 and H4, and the integrity of these histones is essential for the folded subunit structure (7, 8) . Formation of the nuclease resistant subunit structures from purified viral, bacterial, or eukaryotic DNA and the four histones (3) indicates the absence of nucleotide sequence specificity in the interaction between DNA and the histone octamer.
The role, if any, of the repeating subunit structure in the process of transcription of chromatin has not been established. However, the presence of messenger specifying sequences in nucleosomes has been demonstrated by hybridization of DNA complementary to cytoplasmic polyadenylated RNA with DNA isolated from chromatin subunits (9,10). Comparison of the kinetics and extents of hybridization of cDNA with nucleosomal DNA and with nuclear DNA demonstrate that most of the repetitive sequences and single copy sequences in mRNA are present in nucleosomes. These results suggest that the DNA in the nucleosomal structure may be transcribed in vivo. In this report, we present evidence supporting this possibility by showing that at least some nucleosomes can be transcribed in vitro.
MATERIALS AND METHODS
Isolation of chromatin and nucleosomes: -Fresh human placentas were minced, discarding fatty tissue, washed in SSC (0.15 M NaCl, 0.015 M Na 3 citrate, pH 7.0), frozen on dry ice and stored at -20° C until used. Unless specified all subsequent operations were carried out at 4° C. Approximately 40 g of tissue were minced and homogenized in 200 ml of SSC containing 5 mM NaHS0 3 and 0.2% NP-40 (Shell Co.) in a Waring Blender at low speed for 2 min. Then 200 ml of SSC containing 5 mM NaHS0 3 were added and the mixture was homogenized at high speed for 1 min. The homogenate was filtered twice through 4 layers of cheese cloth and twice through 2 layers of Miracloth. The filtrate was centrifuged at 1500 xg for 15 min in an SS-34 Sorvall rotor. The pellet was washed twice with 0.5 x SSC and once with 5 mM Tris-HCl, pH 7.8. The final pellet was resuspended in 0.5 mM Tris-HCl (pH7.8), allowed to swell on ice at least 30 min. and centrifuged at 12,000 xg for 30 min. This step was repeated at least twice to obtain a gelatinous pellet of crude chromatin. Lysis of nuclei from placenta is difficult as compared to nuclei of human lymphocytes and calf thymus. The crude chromatin pellet was resuspended in 25 ml of 0.5 mM Tris-HcL (pH 7.8) and 50 ml of 1.7 M sucrose in 0.5 mM Tris-HCl (pH 7.8). Twenty-five ml aliquots of this suspension were layered onto 10 ml 1.7 M sucrose and centrifuged at 50,000 xg for 1.5 hr in an SW-27 rotor. The band at the top of the 1.7 M sucrose was collected, suspended in 100 ml of 5 mM Tris-HCl (pH 7.8), and centrifuged for 30 min at 12,000 xg. The pellet was dissolved in 50 ml of 5 mM Tris-HCl (pH 7.8), and dialyzed overnight against the same buffer. The chromatin was sheared in a Virtis "45" for 60 sec at 40 volts and stirred gently for one hour. The solution was centrifuged at 2000 xg for 10 min, the negligible pellet obtained was discarded and the supernatant was used as purified solubilized chromatin. Nuclei prepared as previously described (11) Table 2 . We refer to sample 1 as nucleosomes, since it is 90% mononucleosomes.
The circular dichroism (CO.) spectrum in the 250-320 nm region provides a rapid estimation of the quality of nucleosome preparations, since proteins contribute very little to the C D . spectrum in this region. Hence, the conformational changes occurring in DNA due to histone interaction can be detected by following the changes in the C D . spectrum. In the C D . spectrum of the nucleosomes (data not shown) there is a negative dip in the spectrum at 295 nm, while DNA which is in the B-form has a positive value at this wavelength. The chromatin spectrum, which lies between B-form DNA and the nucleosome spectra, can be constructed by linear combination of the spectra for A-, B-, and C-form DNA (22).
Human placental nucleosomes contain similar amounts of histones but substantially less non-histone proteins than undigested chromatin relative to DNA (Table 1 that nucleosomes might be contaminated with free DNA was examined. Figure 2 shows that >95% of the DNA extracted from nucleosomes is in the 155 and 185 base pair bands. DNA of this length can be resolved from nucleosomes by electrophoresis on 3% composite gels. No DNA was detected in the gel containing nucleosomes alone (figure 3a) while the gel containing nucleosomes and purified nucleosomal DNA showed distinct bands (figure 3b). The limit of the detection of free DNA on the overloaded nucleosome gel is 5% of the I^2QQ applied to the gel. From these data we conclude that the nucleosomes contain very little, if any, free DNA.
Using excess Escherichia coli DNA-dependent RNA polymerase and conditions which block reinitiation of transcription, the template capacities of placental chromatin, nucleosomes and nucleosomal DNA were assayed and compared to that of placental DNA under the same conditions (Table 2) . Placental chromatin has 1.5% of the template capacity of an equivalent amount of high molecular weight DNA; the template capacity of nucleosomes (sample 1) is 10% when compared to that of high molecular wieght DNA. As indicated in Table 2 , the template capacities of samples II, III, and IV were also measured. Sample II is composed of 94% dimers and has a template capacity of 9% that of high molecular weight DNA. Sample III with a composition of 93% trinucleosomes and 7% dinucleosomes has 6% template capacity. Sample fv which is a mixture of 74% tetra-, 21% tri-and 5% dinucleosomes, has a template capacity of 2%. Thus the template capacity decreases as the number of nucleosomes in the chain increases. In order to establish that the DNA in the nucleosomal structure is (figure 3a) .
We considered the possibility that the nucleosome is disassociated during a transcriptional event. To test this possibility a 1:1 mixture of mononucleosomes and radioactive HeLa DNA was transcribed by £. coli RNA polymerase. The mixture was then digested exhaustively with micrococcal nuclease and the amount of nuclease resistant HeLa DNA determined. The amount of nuclease resistant HeLa H-DNA was not different following incubation with or without nucleosomes, RNA polymerase, or nucleosomes plus polymerase. These results suggest that the hi stone core is not removed during transcription.
DISCUSSION
The present view of chromatin is that the DNA is packed into a regularly repeating series of subunits with a repeat length jf about 200 base pairs. This subunit model of chromatin structure has a number of attractive features. For example, it allows for the packaging of long strands of DNA into smaller units (nucleosomes) (7,24) which appears to be a requirement of chromatin structure. Initially it was suspected that the portion of DNA available for transcription was not contained in the nucleosome structure, and some electron microscopic evidence supporting this view was obtained (25) . Evidence that this might not be the case was obtained by Lacy One explanation for the low template capacity is that chromatin purified by the banding technique contains no contaminating nuclei, which may contain histone specific proteases.
